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Extracorporeal Cardiac Shock Wave Therapy Markedly
Ameliorates Ischemia-Induced Myocardial Dysfunction in
Pigs in Vivo
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Toyokazu Uwatoku, MD; Kohtaro Abe, MD; Yasuharu Matsumoto, MD;
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Background—Prognosis of ischemic cardiomyopathy still remains poor because of the lack of effective treatments. To
develop a noninvasive therapy for the disorder, we examined the in vitro and vivo effects of extracorporeal shock wave

(SW) that could enhance angiogenesis.

Methods and Results—SW treatment applied to cultured human umbilical vein endothelial cells significantly upregulated
mRNA expression of vascular endothelial growth factor and its receptor Flt-1 in vitro. A porcine model of chronic
myocardial ischemia was made by placing an ameroid constrictor at the proximal segment of the left circumflex
coronary artery, which gradually induced a total occlusion of the artery with sustained myocardial dysfunction but
without myocardial infarction in 4 weeks. Thereafter, extracorporeal SW therapy to the ischemic myocardial region (200
shots/spot for 9 spots at 0.09 mJ/mm?) was performed (n=8), which induced a complete recovery of left ventricular
ejection fraction (51+2% to 62+2%), wall thickening fraction (13+3% to 30%=3%), and regional myocardial blood
flow (1.0+0.2 to 1.4*+0.3 mL - min~' - g') of the ischemic region in 4 weeks (all P<0.01). By contrast, animals that
did not receive the therapy (n=8) had sustained myocardial dysfunction (left ventricular ejection fraction, 48+3% to
48+1%; wall thickening fraction, 13*=2% to 9%=2%) and regional myocardial blood flow (1.0+0.3 to 0.6+0.1 mL -
min~' - g”"). Neither arrhythmias nor other complications were observed during or after the treatment. SW treatment of
the ischemic myocardium significantly upregulated vascular endothelial growth factor expression in vivo.

Conclusions—These results suggest that extracorporeal cardiac SW therapy is an effective and noninvasive therapeutic
strategy for ischemic heart disease. (Circulation. 2004;110:3055-3061.)
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rognosis of ischemic cardiomyopathy without an indication

for coronary intervention or coronary artery bypass grafting
still remains poor because medication is the only therapy to treat
the disorder.! Thus, it is imperative that an effective and
noninvasive therapy for ischemic cardiomyopathy be developed.
Although no medication or procedure used clinically has shown
efficacy in replacing myocardial scar with functioning contrac-
tile tissue, it could be possible to improve the contractility of the
hibernating myocardium by inducing angiogenesis.

It recently has been suggested that shock wave (SW) could
enhance angiogenesis in vitro.2 SW is a longitudinal acoustic
wave, traveling with the speed in water of ultrasound through
body tissue. It is a single pressure pulse with a short
needle-like positive spike <1 us in duration and up to 100
MPa in amplitude, followed by a tensile part of several

microseconds with lower amplitude.> SW is known to exert
the “cavitation effect” (a micrometer-sized violent collapse of
bubbles inside and outside the cells)? and recently has been
demonstrated to induce localized stress on cell membranes
that resembles shear stress.* If SW-induced angiogenesis
could be reproduced in vivo, it would provide a unique
opportunity to develop a new angiogenic therapy that would
not require invasive procedures such as open-chest surgery or
catheter intervention. Therefore, the present study was de-
signed to examine the possible beneficial effects of SW on
ischemia-induced myocardial dysfunction in a porcine model
of chronic myocardial ischemia in vivo.

Methods

This study was reviewed by the Committee on Ethics in Animal
Experiments of Kyushu University and was carried out under the
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Guidelines for Animal Experiments of Kyushu University and the
Law (No. 105) and Notification (No. 6) of the Japanese Government.

Effect of SW on Human Umbilical Vein
Endothelial Cells in Vitro

We purchased single-donor human umbilical vein endothelial cells
(HUVECs) (Clonetics, Walkersville, Md) and cultured them in a
complete endothelial medium (EBM-2 BulletKit, Clonetics).
HUVECSs were subcultured and used at passages 3 to 5 and were
maintained in EBM-2. Twenty-four hours before the SW treatment,
HUVECs (1X10° were resuspended in a 2-mL tube with EBM
(Clonetics). We treated the HUVECs with 500 shots of SW at 4
different energy levels (0 [control], 0.02, 0.09, 0.18, and 0.35
mJ/mm?) and stored them for 24 hours in the same medium before
RNA extraction.

Ribonuclease Protection Assay

We analyzed equal amounts of mRNA by ribonuclease protection
assay by means of the RiboQuant multiprobe template (PharMin-
gen). Briefly, we hybridized RNA overnight with a *P-labeled RNA
probe, which previously had been synthesized from the template set.
We digested single-stranded RNA and free probe by ribonuclease A
and T1. We then analyzed protected RNA on a 5% denaturing
polyacrylamide gel. We analyzed several angiogenic factors, includ-
ing vascular endothelial growth factor (VEGF) and its receptor,
Jfms-like tyrosine kinase (Flt)-1, and angiopoietin and its receptor,
tie-1, either by means of an NIH image or by means of autoradiog-
raphy and subsequent quantification by densitometry (Alpha Inno-
tech). For quantification, we normalized the signals for each sample
of the blot with the corresponding signals of the housekeeping genes
GAPDH and L32.

Porcine Model of Chronic Myocardial Ischemia

A total of 28 domestic pigs (25 to 30 kg in body weight) were used
in this study. We anesthetized the animals with ketamine (15 mg/kg
IM) and maintained anesthesia with an inhalation of 1.5% isoflurane
for implantation of an ameroid constrictor, SW treatment, and
euthanization. We opened the chest, suspended the pericardium and
the left atrial appendage, revealed the left circumflex coronary artery
(LCx), and put an ameroid constrictor around the proximal LCx to
gradually induce a total occlusion of the artery in 4 weeks without
causing myocardial infarction.>® We also confirmed histologically
that no myocardial necrosis had developed in the present porcine
model (data not shown). This model is widely used to examine the
effect of an angiogenic therapy in the ischemic hibernating
myocardium.>¢

Extracorporeal Cardiac SW Therapy to Chronic
Ischemic Myocardium

On the basis of the in vitro experiment, we applied a low energy of
SW (0.09 mJ/mm2, ~10% of the energy for the lithotripsy treat-
ment) to 9 spots in the ischemic region (200 shots/spot) with the
guidance of an echocardiogram equipped within a specially designed

Figure 1. Extracorporeal cardiac SW therapy in
action in a pig chronically instrumented with an
ameroid constrictor. A, The machine is equipped
with a SW generator and in-line echocardiography.
The SW generator is attached to the chest wall
when used. B, The SW pulse is easily focused on
the ischemic myocardium under the guidance of
echocardiography (black arrow).

SW generator (Storz Medical AG) (Figure 1A). We were able to
focus SW in any part of the heart under the guidance of echocardi-
ography (Figure 1B). We applied SW to the ischemic myocardium in
an R-wave-triggered manner to avoid ventricular arrhythmias. We
performed the SW treatment (n=8) at 4 weeks after the implantation
of an ameroid constrictor 3 times within 1 week, whereas animals in
the control group (n=38) received the same anesthesia procedures 3
times a week but without the SW treatment. Because the SW
treatment only requires the gentle compression of the generator to the
chest wall, it is unlikely that this handling itself enhances angiogen-
esis in the ischemic myocardium.

Coronary Angiography and Left Ventriculography
After systemic heparinization (10 000 U/body), we performed coronary
angiography and left ventriculography in a left oblique view with the use
of a cineangiography system (Toshiba Medical). We semiquantitatively
evaluated the extent of collateral flow to the LCx by the graded Rentrop
score (0, no visible collateral vessels; 1, faint filling of side branches of
the main epicardial vessel without filling the main vessel; 2, partial
filling of the main epicardial vessel; 3, complete filling of the main
vessel).” We also counted the number of visible coronary arteries in the
LCx region. To compare the extent of collateral development at a given
time, we selected the frame in which the whole left anterior descending
coronary artery was first visualized.

Echocardiographic Evaluation

We performed epicardial echocardiographic studies at ameroid
implantation (baseline) and at 4 and 8 weeks after the implantation
of the constrictor (Sonos 5500, Agilent Technology). We calculated
wall thickening fraction (WTF) by using the following formula:
WTF = 100 X (end-systolic wall thickness — end-diastolic wall
thickness) /end-diastolic wall thickness. We measured WTF when
pigs were sedated, with and without dobutamine loading (15 ug -
kg™ - min~'). Dobutamine was infused continuously from the ear
vein, and WTF was measured after the hemodynamic condition was
stabilized (in ~5 minutes).

Measurement of Regional Myocardial Blood Flow
We evaluated regional myocardial blood flow (RMBF) with colored
microspheres (Dye-Trak, Triton Technology) at ameroid implanta-
tion (baseline) and at 4 and 8 weeks after implantation.® We injected
microspheres through the left atrium and aspirated a reference
arterial blood sample from the descending aorta at a constant rate of
20 mL/min for 60 seconds using a withdrawal pump. We extracted
microspheres from the left ventricular (LV) wall and blood samples
by potassium hydroxide digestion, extracted the dyes from the
spheres with dimethylformamide (200 uL), and determined their
concentrations by spectrophotometry.® We calculated myocardial
blood flow (mL - min~" - g7") of the endocardial and epicardial lateral
LV wall (the LCx region).

Analysis of Cardiac Enzymes
We measured serum concentrations of cardiac troponin T and
creatinine kinase (CK)-MB by using chemiluminescence immuno-
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assay before the SW treatment and at 4, 5 (2 hours after the SW
treatment), and 8 weeks after ameroid implantation.

Factor VIII Staining

We treated paraffin-embedded sections with a rabbit anti—factor VIII
antibody (N1505, Dako, Copenhagen, Denmark). We counted the
number of factor VIII-positive cells in the endocardial and epicardial
wall in 10 fields of the LCx region in each heart at 400X
magnification.

Real-Time Polymerase Chain Reaction

To examine the effect of SW treatment on the ischemic myocardium
in vivo, the animals with an ameroid constrictor were euthanized 1
week after the SW treatment. Total RNA was isolated from rapidly
frozen ischemic LV wall (LCx region) after 3 SW treatments and
was reverse transcribed. Quantification of VEGF and its receptor
Flt-1 was performed by amplification of cDNA with an ABI Prism
7000 real-time thermocycler.

Western Blot Analysis for VEGF

We performed Western blot analysis for VEGF. Western blot
analysis for VEGF was performed with and without 3 SW treat-
ments. Three sections from the ischemic LV wall (LCx region) were
measured. The regions containing VEGF proteins were visualized by
electrochemiluminescence Western blotting luminal reagent (Santa
Cruz Biotechnology). The extent of the VEGF was normalized by
that of B-actin.
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Figure 2. SW treatment upregulated mRNA expression of VEGF
(A) and Flt-1 (B) in HUVECs in vitro with a maximum effect
noted at 0.09 mJ/mm?. Results are expressed as mean+SEM
(n=10 each).
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Figure 3. Extracorporeal cardiac SW therapy enhances coronary angiogenesis in vivo. A and C, Four weeks after the implantation of an
ameroid constrictor, LCx was totally occluded and was perfused via collateral vessels with severe delay in both the control group (A)
and the SW group (before SW therapy) (C). B and D, Four weeks after the first coronary angiography, no significant change in coronary
vessels was noted in the control group (B), whereas a marked development of visible coronary vessels was noted in the SW group (D).
E and F, Four weeks after the first coronary angiography, no significant increase in the Rentrop score (E) or visible coronary arteries
from LCx (F) was noted in the control group, whereas increased Rentrop score and a marked development of visible coronary vessels
were noted in the SW group. Results are expressed as mean=SEM (n=8 each).
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Figure 4. Extracorporeal cardiac SW therapy improves ischemia-induced myocardial dysfunction in vivo. A and C, Four weeks after the
implantation of an ameroid constrictor, LV wall motion of the LCx (posterolateral) region was reduced in both the control (A) and the
SW group (before the SW therapy) (C). B and D, Four weeks after the first left ventriculography, no significant change in LV wall motion
was noted in the control group (B), whereas marked recovery was noted in the SW group (D). E, The SW therapy normalized left ven-
tricular ejection fraction in the SW group but not in the control group. Results are expressed as mean+SEM (n=8 each).

Statistical Analysis

Results are expressed as mean=SEM. We determined statistical
significance by analysis of variance for multiple comparisons. A
value of P<<0.05 was considered to be statistically significant.

Results

Effect of SW on mRNA Expression of VEGF and
Flt-1 in HUVECs

SW treatment significantly upregulated mRNA expression of
VEGF and its receptor Flt-1 in HUVECs, with a maximum
effect noted at 0.09 mJ/mm? (Figure 2).

Effects of Extracorporeal Cardiac SW Therapy on
Angiogenesis and Ischemia-Induced

Myocardial Dysfunction

Four weeks after ameroid implantation, coronary angiogra-
phy demonstrated a total occlusion of the LCx, which was
perfused via collateral vessels with severe delay in both the
control (Figure 3A) and the SW groups (Figure 3C). At 8
weeks after ameroid implantation (4 weeks after SW ther-
apy), the SW group (Figure 3D), but not the control group
(Figure 3B), had a marked development of coronary collateral
vessels in the ischemic LCx region, an increased Rentrop
score (Figure 3E), and an increased number of visible
coronary arteries in the region (Figure 3F). Similarly, at 4
weeks, left ventriculography demonstrated an impaired left

ventricular ejection fraction in both groups (Figure 4A, 4C,
and 4E), whereas at 8 weeks, left ventricular ejection fraction
was normalized in the SW group but remained impaired in
the control group (Figure 4B, 4D, and 4E).

Effects of Extracorporeal Cardiac SW Therapy on
Regional Myocardial Function and Myocardial
Blood Flow

We serially measured WTF of the LCx region (lateral wall of
the LV) by epicardiac echocardiography. At 4 weeks, we
observed a significant reduction in WTF (%) in both groups
(13£2 in the control group and 13%=3 in the SW group;
Figure 5A). At 8 weeks, however, the SW treatment markedly
improved WTF in the SW group (30=3) but not in the control
group (9*2) under control conditions (Figure 5A). Under
dobutamine-loading conditions, which mimicked exercise
conditions, WTF was further reduced at 4 weeks after the
ameroid implantation in both groups (163 in the control and
18*2 in the SW groups), however, at 8§ weeks, WTF was
again markedly ameliorated only in the SW group (31*2) but
not in the control group (16*+4) (Figure 5B).

At 4 weeks, RMBF in the endocardium and epicardium
(mL - min™' - g') was equally decreased in both groups
(1.0=0.3 and 0.9%0.2 in the control group and 1.0+0.2 and
0.9%+0.2 in the SW group, respectively). The SW treatment
again improved RMBF in the endocardium (0.6£0.1 in the
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Figure 5. Extracorporeal cardiac SW therapy improves regional
myocardial function in vivo. SW therapy induced a complete
recovery of WTF of the ischemic lateral wall under control con-
ditions (A) and under dobutamine (DOB) loading conditions (B).
Results are expressed as mean=SEM (n=8 each).

control group and 1.4%+0.3 in the SW group, P<<0.05; Figure
6A) as well as in the epicardium (0.7£0.2 in the control
group and 1.5%0.2 in the SW group, P<<0.05; Figure 6B).

Effects of Extracorporeal Cardiac SW Therapy on
Capillary Density and VEGF Expression in the
Ischemic Myocardium

Factor VIII staining showed that the number of factor
VIII-positive capillaries was increased in the SW group
compared with the control group (Figure 7A and 7B).
Quantitative analysis demonstrated that the number of capil-
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Figure 6. Extracorporeal cardiac SW therapy improves RMBF in
vivo. SW therapy significantly increased RMBF, assessed by
colored microspheres in both the endocardium (A) and the epi-
cardium (B). Results are expressed as mean+SEM (n=8 each).
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laries was significantly higher in the SW group in both the
endocardium (84026 in the control group and 1280*45 in
the SW group, P<<0.05; Figure 7C) and the epicardium
(82030 in the control group and 1200£22 in the SW group,
P<0.05; Figure 7D). RT-PCR analysis and Western blotting
demonstrated a significant upregulation of VEGF mRNA
expression (8.0%6 in the control group and 32+8 in the SW
group, P<<0.05; Figure 8A) and protein expression (2.23-fold
increase in the SW groups, P<<0.05; Figure 8B) after the SW
treatment to the ischemic myocardium in vivo.

Side Effects of Extracorporeal Cardiac

SW Therapy

All animals treated with the SW therapy were alive and
showed no arrhythmias as assessed by 24-hour Holter ECG
during and after the treatment (n=3; data not shown). There
also was no myocardial cell damage as assessed by serum
concentrations of CK-MB (ng/mL); the values before the SW
treatment and at 4, 5 (2 hours after the SW treatment), and 8
weeks after the ameroid implantation were 5.0%0.6, 6.2%+0.5,
5.5%0.2, and 7.1+0.9 in the control group and 5.1%0.2,
7.7%0.6,6.1%0.6, and 6.4=0.4 in the SW group, respectively
(n=6 each). The serum concentrations of troponin T were not
detected in most cases in both groups. No significant differ-
ences were noted in hemodynamic variables (eg, heart rate or
blood pressure) between the 2 groups (data not shown).

Discussion

The novel finding of the present study is that the extracorpo-
real cardiac SW therapy enhances angiogenesis in the ische-
mic myocardium and normalizes myocardial function in a
porcine model of chronic myocardial ischemia in vivo. To the
best of our knowledge, this is the first report that demon-
strates the potential usefulness of extracorporeal cardiac SW
therapy as a noninvasive treatment of chronic myocardial
ischemia.

Extracorporeal Cardiac SW Therapy as a Novel
Strategy for Ischemic Cardiomyopathy

Because of the poor prognosis of ischemic cardiomyopa-
thy,'® it is crucial to develop an alternative therapy for
ischemia-induced myocardial dysfunction. To accomplish
effective angiogenesis, it is mandatory to upregulate potent
angiogenesis ligands, such as VEGF, and their receptors.®-10
Furthermore, in the clinical setting, the goal for the treatment
of ischemic cardiomyopathy should include not only en-
hancement of angiogenesis but also recovery of ischemia-
induced myocardial dysfunction. In the present study, we
were able to demonstrate that SW treatment (1) normalized
global and regional myocardial functions as well as RMBF of
the chronic ischemic region without any adverse effects in
vivo, (2) increased vascular density in the SW-treated region,
and (3) enhanced mRNA expression of VEGF and its
receptor Flt-1 in HUVECs in vitro and VEGF production in
the ischemic myocardium in vivo. Thus, SW-induced upregu-
lation of the endogenous angiogenic system may offer a novel
and promising noninvasive strategy for the treatment of
ischemic heart disease.
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Advantages of Extracorporeal Cardiac

SW Therapy

Recent attempts to enhance angiogenesis in the ischemic organs
include gene therapy and bone marrow cell transplantation
therapy. The main purpose of gene therapy is to induce overex-
pression of a selected angiogenic ligand (eg, VEGF) that leads to
angiogenesis in the ischemic region. Although phase 1 trials of
gene transfer of plasmid DNA encoding VEGF demonstrated
safety and clinical benefit for the treatment of ischemic limb and

heart,!'-'3 gene therapy for ischemic cardiomyopathy is still at a
preclinical stage. Bone marrow cell transplantation therapy,
which depends on adult stem cell plasticity, also may be a useful
strategy for angiogenesis because endothelial progenitor cells
could be isolated from circulating mononuclear cells in humans
and could be shown to be incorporated into neovascularization.'#
However, the need for invasive delivery of those cells to the
ischemic myocardium may severely limit its usefulness in
clinical situations.
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A major advantage of the extracorporeal cardiac SW therapy
over these 2 strategies is shown by the fact that it is quite
noninvasive and safe, without any adverse effects. If necessary,
we could repeatedly treat patients (even outpatients) with SW
therapy because no surgery, anesthesia, or even catheter inter-
vention is required for the treatment. This is an important factor
in determining the clinical usefulness of angiogenic therapies in
patients with ischemic cardiomyopathy. Thus, the extracorporeal
cardiac SW therapy appears to be an applicable and noninvasive
treatment for ischemic heart disease. Indeed, the SW treatment
itself already has been clinically established as an effective and
safe treatment for lithotripsy and chronic plantar fasciitis.!s-1¢
Our present results indicate that SW therapy, at ~10% of the
energy needed for lithotripsy treatment, is effective for in vivo
angiogenesis in the ischemic heart.

Mechanisms for SW-Induced Angiogenesis

When a SW hits tissue, cavitation (a micrometer-sized violent
collapse of bubbles) is induced by the first compression by
the positive pressure part and the expansion with the tensile
part of a SW.3 Because the physical forces generated by
cavitation are highly localized, SW could induce localized
stress on cell membranes, as altered shear stress affects
endothelial cells.!” Recent reports have demonstrated the
biochemical effects of SW, including hyperpolarization and
Ras activation,'® nonenzymatic nitric oxide synthesis,'® and
induction of stress fibers and intercellular gaps.? Although
precise mechanisms for the SW-induced biochemical effects
remain to be examined, these mechanisms may be involved in
the underlying mechanisms for SW-induced angiogenesis.
Indeed, Wang et al?! reported that SW induces angiogenesis
of the Achilles tendon—bone junction in dogs.

We were able to demonstrate that the SW treatment upregu-
lated mRNA expression of VEGF and its receptor Flt in
HUVEC: in vitro and VEGF expression in the ischemic myo-
cardium in vivo. Because the VEGF-Flt system is essential in
initiating vasculogenesis and/or angiogenesis,?? this effect of SW
could explain, at least in part, the underlying mechanisms for
SW-induced angiogenesis. It should be noted, however, that we
showed only the upregulation of VEGF and Flt and that the
effect of SW on signal transduction after receptor-ligand inter-
action still remains to be clarified. In addition, we need to fully
elucidate the mechanisms for the SW-induced complete recov-
ery of ischemia-induced myocardial dysfunction, although the
increased myocardial blood flow caused by the SW treatment
appears to play a primary role for the improved myocardial
function. Further studies are required to determine the precise
molecular mechanism for SW-induced angiogenesis and recov-
ery of myocardial function.

In summary, we were able to demonstrate that noninvasive
extracorporeal cardiac SW therapy effectively increases
RMBF and normalizes ischemia-induced myocardial dys-
function without any adverse effects. Thus, extracorporeal
cardiac SW therapy may be an effective, safe, and noninva-
sive therapy for ischemic cardiomyopathy.
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